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introduction - The search for novel and patentable lead compounds is the hallmark of all drug 
discovery research efforts. How are these compounds discovered? Historically, most leads have 
been found by screening natural products and chemical libraries. However, over the past decade, 
advances in biotechnology have ushered in a new approach to drug discovery termed structure- 
based drug design. First envisioned by Abraham nearly 20 years ago (1) and pioneered by 
Gopdford in the de novo design of antisickling agents that bind hemoglobin (2), staicture-based 
design utilizes knowledge of the structure of a ligand complexed to Its macromolecular target to 
design new lead comjX)unds or to improve the potency and physical properties of an existing 
chemical series (3). In principle, all classes of macromolecules - proteins, nucleic acids, 
carbohydrates, and lipids - can serve as drug design targets. In practice, the experimental 
determination of macromolecular structure to atomic accuracy has been mainly applied to proteins or 
proteinaceous assemblies, such as protein-nucleic acid complexes or viral capsids. In this chapter 
we limit our discussion to protein targets with the understanding that many of the concepts and 
examples described herein may be generalized to other macromolecular systerns of interest. 

Despite much theoretical effort to fold protein structures based on their amino acid sequences, 
the determination of protein structure remains a largely experimental enterprise, and usually 
requires the application of macromolecular X-ray crystallography or NMR techniques. In certain cases 
where the three-dimensional structure of a homologue of the target enzyme or receptor is known 
experimentally, a plausible starting structure may be derived using homology modeling approaches 
(4). This strategy has been used extensively in the design of renin inhibitors (5). In any case, the 
key consideration for structure-based design is the generation of a reliable three-dimensional 
atomic nnodeL Several comprehensive reviews provide earlier examples of the use of protein and 
small-molecule crystal structures in ligand design (2,3,6). This review will discuss the uses of X-ray 
crystallography and NMR, either alone or in combination, in the context of recent structure-based 
drug design scenarios. 



X-RAY CRYSTALLOGRAPHY IN DRUG DESIGN 

X-ray crystallography is a well-established technique that can produce atomic resolution 
structures of proteins and their complexes with various ligands such as substrates, co-factors or 
inhibitors (7). From a purely conceptual standpoint, protein crystal structures may be used to aid 
drug design in several distinct manners: a pos/er/or/ analysis, a pr/on design, and iterative design. A 
posteriori analysis is a retrospective method whereby protein structure is used to rationalize existing 
SAR data and to propose design improvements. This has probably been the most frequently used 
mode of protein crystallography in early ligand design efforts. A priori design refers to the use of 
protein structure for the design or discovery of the initial lead compound. This mode of design hokJs 
promise for the invention of structurally novel leads, and its usefulness will undoubtedly grow in 
conjunction with the development of computational approaches such as GRID (8), ALADDIN (9) and 
DOCK (10) that utilize protein structures to design or to search for complementary small 
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molecules thai could serve as new leads. Iterative design refers to the situation where all elempntc 
of the drug design cycle are in dynamic feedtDack - stojcture deterSton s 
J^^rrl!^X'''"^\^'°"' ' P^''^'''^"' ^'^"^P°'"'' 'design willentXth iSribJand a 

Human Rhinovims InhfhHn rs - A Po.?fPr/p W ni^cirjn - 
Human rhinoviruses cause the common cold and 
over a hundred different isolates have been 
Identified for this picornavirus. A novel class of 
oxazolinylphenyl isoxazole compounds {e.g., 1-5) 
were demonstrated to possess broad spectrum 
antiviral activity against picornaviaises (11). The 
mechanism of action of these compounds was 
shown to be due to inhibition of the viral 
disassembly step of the infection process The 
structural basis for this activity was demonstrated 
with the crystallographic structure determination of 
a complex of WIN 52084 (ij with the capsid of 
human rhinovlrus 14 (HRV14) (12). The lipophilic 
drug is nestled snugly within a hydrophobic core 
between the two p-sheets that comprise the B- 
barrei of the VPi coat protein subunit (Figure 1A). 
There is a 25 A deep, continuous depression or 
"canyon" that surrounds the icosahedral vertices 
of the surface of MR VI 4 virions. The canyon is 
formed by the icosahedrally-related pentamers of 
VP1 subunits. and has been Implicated in receptor 
binding (13). The entrance to the dnjg-binding site 
in VP1 can be visualized as a pore at the base of 
the canyon floor (Figure IB). The isoxazole moiety 
of 1 IS buned deep within the pocket, under the 
floor of the canyon, and the oxazolinyl end 
occupies a position near the pore. These results 
help to explain the slow association rate (kon - 
167.000 M-^min-"*) of disoxaril (3) as being due to 
restricted access to the binding pocket and to a 
requirement to displace water molecules 
occupying the pocket In order for binding to occur 
(11). Antiviral studies demonstrated that the (S) 
isomer at the 4-posilion of the oxazoline ring was 
approximately ten-fold more potent than the (R) 
isomer. This stereoselectivity was mirrored in the 
preference of the (S) over the (R) isomer binding 
to HRV14 in crystal soaking experiments using 
racemic mixtures of 1 or analogs. Energy profile 
analysis suggested that the 4-methyl moiety in the 
(S) configuration is able to make more favorable 
hydrophobic interactions with the protein (1 1). X- 
ray crystallographic Investigation of a series of 
structuraily-related drug/virus complexes (14) 
revealed the occurrence of a second mode of 
binding in which the inhibitor Is oriented in the 

pocket with the opposite directionality (Figures 1C and 2) In this case thP i^nv^^rnio , io 
Tnlf !h 'T^^ ^^"y^" Interestingly' bo^^ or^Sions place a metti cS in 

[tX ^ hydrophobic region near the side chain of Leu106. This may not be cLc dence^ 
since the presence of an alkyi moiety at the 4.position on the oxazoline mo?etris a™ 

Ssn . '^T.T' ''"""9 "'■"'^ ""9 positioned neir he porftS 

and 2(S)). Unsubstituled oxazohnes (3 and 5) and compounds with shorter linkers (4) bind with the 




Figure 1. (A) Ribbon diagram of VPI with WIN 
compound binding site. Diagrammatic 
representations of (B) compound 1 and (C) 
compound 5 bound In the WIN pocket. Reprinted 
with permission from the American Association for 
the Advancement of Science (12) and the National 
Academy of Sciences (14). 
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rnethylisoxazole nearer lo the pore. Computational studies indicated the importance of space- 
filling, van der Waals interactions for the binding of this class of compounds (15). 
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Figure 2. Some of the compounds studied crystallographically when complexed to HRV14, The relative 
onenta 10ns of the bound compounds are illustrated with respect lo the "pore" to the canyon floor which is 
on the left. Adapted from (14). with permission of the National Academy of Sciences. 

In addition to providing a structural basis for the antiviral effects and relative potencies of 1 - 5 
the crystallographic studies indicated that drug binding induced substantial stmctural changes in 
VP1 causing mam chain atom movements up to 4.5 A and shifts of up to 7.5 A in the positions of 
side chain atoms (14). These changes near the drug binding site also caused conformational 
changes to the viral surface that resufted in a shallower canyon. These observations prompted 
speculation that drug binding might also inhibit virion attachment to the cell surface receptor 
M ? . c? ^l!^ ^^'"^ radiolabeled vinjs and cell membranes indicated that this was Indeed the case 
(11.16) However, the cell attachment activity of the isoxazole compounds is not essential for 
antiviral activity since some strains of rhinoviojs. such as HRV1A. that are Inhibited by these 
compounds are unaffected in this step (17). X-ray crystallographic analysis of the HRV1A capsid 
structure indicated that the wild-type virus had a canyon conformation similar to that of the drug- 
bound form of HRV14 (17). Presumably, the antiviral compounds in this series exert their inhibitory 
effects through stabilization of the coat protein. The loss of flexibility accompanied by dmg bindina 
to the interior of VP1 results in the inhibition of disassembly. These structural studies have led to 
new insights into the mechanism of antiviral inhibition for 1 - 5 and can be used not only to assist the 
optimization of inhibitor potency for this class of compounds, but also to suggest new strategies for 
ae novo design of antiviral agents against various strains of HRV as well as other picornaviruses 
More generally, this example suggests a rationale that could be extended to the design of inhibitors 
01 anymacromolecular target whose function depends upon the flexibility of p-barrel-like stojctures. 

HIV Protea^f? Inhibllor^^ - A Poor/ Design - The human immunodeficiency virus encodes a protease 
(HI V PR) that is essential for viral replication. HIV PR has been the subject of Intensive drug design 
efforts and there are a number of recent excellent reviews on HIV PR structure (18) and inhibitor 
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design (19.20). Most of the medicinal chemistry approaches employed to design HIV PR inhibitnrc 
thrpt ™t^'^^ ^^^'"'"^J ^"^^^^'^'^ transition-state analog based approaches (21 ) Howeve? 
nS lla^SS ^"^'^--^-^ - a pr^^'deslgn ^r JlscoTe'ry'^Ji 

The first exarnple utflized the concept of active site symmetr/ to design two-fold (C2) symmetric or 
?"n!c '"^'^"^^^ f^^'^^^- "^^^ x-ray crystal structure of the protease of Rous sarcoma 

[hp «n^H'^' T"''^' P^^^"'"' homodimeric enzymes and that they are stmcturX 
related to the aspartic proteinases, or pepsins (25). The suggestion that the active site of HI V PR 
was C2 symmetric led to the design of simple lead structures that would mimfc hTs symmetrl an3 
bi'cfpH' of L'^t ^,"^'"9 and subsite preferences known to be important foTtodlnS 

hfnnlnn of ^^'^'^'''^^ P^^^l^f.^^ ^^partic proteinase/inhibitor complexes (25). For p oductive 
binding of a symmenc inhibrtor to occur, it would be necessary for the C2 axes 0 the enz^^Se^^^^^ 
inh«brtor to approximately superpose in the complex - J> oune enzyme and 
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Modeling studies using the 
structures of RSV protease 
(24) and a complex of a 
reduced peptide renin inhibitor 
bound to rhizopuspepsin (26), 
a structurally related aspartic 
proteinase, indicated that £ 
(IC50 > 100 mM) should be 6 
able to bind in the predicted 
manner. Elaboration of § by symmetrical addition 
of Cbz-blocked valine residues to enhance 
interactions with the P2 and P2' subsites in the 
enzyme resulted in a much more potent inhibitor 
A-74704 (2; IC50 = 3 nM). X-ray crystallographic 
analysis of the structure of a complex of 2 bound 
to recombinant HIV PR verified that this pseudo- 
O2 symmetric inhibitor bound in a highly 
symmetric fashion (22). This strategy has been 
used to design other classes of C2 symmetric 
inhibitors that contain a central diol (23) or a 
difluoroketone (27). The 
C2 or quasi-C2 symmetric 
•diols and difluoroketones 
are generally at least 10- 
fold more potent than their 
respective monohydroxy 
homologues. More re- 
cently, L-400,417 (Q), a 

quasi-C2 symmetric hy- ^ 
droxyethylene - based in- - 

it?i^holH'l^'''r f ^ has been reported (28). This compound differs from previous designs in that 
^ IS based on a C-terminal, rather than an N-terminal, duplication and thus contains an oDmsTe 
S^V^S^^^^^ X-ray crystalWaphican%sis%U^^^^^^^ 

b^ck^nt^^^^^^ the inhibitor bound in a nearly symmetric manner and formed many of the same 
backbone-backbone hydrogen bonds observed with 7, with the exception of the 2-hydroxy group 
on the indan which was hydrogen-bonded to the carbonyl oxygen of Gly27 and the arriide nitrooen 
Of Asp 29. The h,gh potency of 8 (Ki = 0.67 nM) may be due to the incor^^^^^^^^^ oUhe novel 2 

H.cci!!^^^^ '"^ ^^'^^ previously shown to strongly enhance binding In a 

class cal hydroxyethylene peptldomimetic series (29). The above examples »^ 

i^rT^f^t''' T^""' '^^'^^'^ "^^^ conceptualization of novel tead com^^^^^^ The 
Of Lh n™" "^""KK^f ' ^^^^'^b'"^"^ ^^^y^^ combined with an unusually rapKveSmenI 
^Lrn : H Tk 1' ^2 symmetric classes precluded an iterative dmg de^fgn 

approach 'njhe first case. However, the structure of the A-74704/protease inhibitor complex was 
used to guide the design of pharmacological improvements by focusing synthe c eff^^^^ 
penpheral N-terminal blocking groups. Substitution of a 2-pyridyl N-rSelhW ure^^ 
carbamate rn the C2 symmetric diol series led to g (enzyme 10% = 0.15 K al C501 0 03-0 27 
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jiM) which was moderately soluble (197 jig/ml) and exhibited achievable antiviral blood levels In 
monkeys (Cmax = 0.16 jiM; Tmax = 1 .5 hr) and dogs (Cmax := 0.59 \M; Tmax = 0.17 hr) upon oral 
administration (30). 

In the second example of a priori lead compound discovery, the HIV PR structure was used 
directly to search structural databases for compounds that contained shapes complementary to the 
enzyme active site (31). The search procedure employed the program DOCK (10) which was 
developed to identify accessible surfaces or cavities on macromolecules and to convert these into 
"negative" images that can be used to search a stmctural database that has been converted into a 
corresponding set of surface representations. 
Using this technique, the known compound 
bromperidol (UQ) was identified and a closely- 
related analogue, haloperidol (H), was shown to 
weakly inhibit the enzyme (Ki=100 piM) (31). Brom- 
peridol was originally discovered and modeled 
into the enzyme active site using the structure of 
the native enzyme to constnjct the search image. 
This result was rather surprising as it was later de- 
termined that the surface stoicture of the active 
site is dramatically altered upon inhibitor binding. The twofold-related flaps undergo a topological 
rearrangement and movement by up to 7-10 A in order to engage a peptlde-based inhibitor (32). 
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In a third example of a structure- 
based search for new. leads, the 
crystal structure of the A- 
74704/HIV PR complex was used 
to construct pharmacophoric 
targets that mimicked essential 
features of the inhibitor-enzyme 
interactions (33). Key pharmaco- 
phores were the central OH bound 
to the active site aspartic acids, the 
flanking amides bound to the main 
chain carbonyl oxygen atoms of 
Gly21 and Glyl2l, the buried 
water that bridges the flaps with 
the inhibitor, and the bulky phenyl 
group that binds in the PI pocket. 
The corresponding pharmaco- 
phore search targets contained a 
central OH, two hydrogen bond 
donors, a hydrogen bond accep- 
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Figure 3. Schematic representation of pharmacophoric 
substructures used to search for non-peptldic inhibitors of HIV PR 
based upon the X-ray crystal structure analysis (22). D and A 
indicate hydrogen bond donors and acceptors, respectively. From 
(33), with permission from Tetrahedron Comp. Meth. 



tor, and an aromatic moiety, respectively (Figure 3). Various combinations of these pharmacophores 
were used to search several chemical databases of three-dimensional structures for stnjcturally 
novel compounds that might display inhibitory activity against HIV PR. A series of dibenzophenones 
was identified by this analysis. Several compounds were tested and shown to be inhibitory in the 
10-100 ^iM range (Figure 4: 12- 14) . Structural considerations based on preliminary modeling 
studies indicated that the bulky R1 group on these compounds would make unfavorable van der 
Waals contacts with flap residues in the inhibited structure of HIV PR. Thus, either the flaps must 
maintain a more open conformation in complexes with these inhibitors, or the inhibitors might bind in 
a different orientation from that based on the model. II is interesting to note that statine-based 
peptidomimetics that contain an unsubstituted p-benzoylphenylalanyl moiety in the PI position can 
be potent inhibitors of aspartic proteinases (34). 

Iterative Drug Design - The convergence of rapid advances in biotechnology, particularly in the 
areas of recombinant gene expression and protein crystallography, has finally made it feasible to. 
.engage in the drug design cycle in an iterative and timely fashion. Two recent examples deal with 
the design of inhibitors for thymidylate synthase (TS) (35) and purine nucleoside phosphorylase 
(PNP) (36). In the TS example, the structure of the homologous enzyme from E. co//was used as a 
surrogate target for the design of human TS inhibitors. TS catalyzes the conversion of 
deoxyuridylate to thymidylate (dTMP) via an unusual, one-carbon transfer, methylation reaction that 
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Figure 4. Non -peptide 
HIV PR Inhibitors 
identified from the 
ALADDIN substructure 
search. Shown in 
parenthesis are the phar- 
macophores used in the 
search. IC50 values are 
for HIV PR inhibition at pH 
4.5. Adapted from (33). 
with permission from 
Tetrahedron Comp. f^eth. 
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glutamafe moiety are actively transported Into cells and are thus 
subject to selective drug resistance. Removal of the p-CO- 
glutamate moiety from i£ led to a loss of 2.4 orders of 
magnitude in binding (iz ; Ki = 2.2 nM). Examination of the 
crystal structure of a complex of TS bound to 1£, the 2-amino 
anatogue of Ifi, indicated the presence of a small hydrophobic 
pocket in the enzyme proximal to the mefa position of the phenyl 
ring. Compound IS. was modeled and synthesized and 
exhibited improved inhibition (Ki = 0.39 nM). The structure 
determination of m compiexed with TS verified that the m-CFS 
!^«°„'f,^°'^'^".2'l^ modeled position and made van der Waals 
contacts with hydrophobic side chains of the enzyme It was 
hn1?L?H h'I"- °" ^'sc'rostatic and structural grounds that a 
^nhcfH^L.^?^ S^i'P c°f^bined with an electron-withdrawing 
wonw P°sr"^d °" the para position of the phenyl ring 
would further enhance inhibitor binding. This led to the modeling 
and synthesis of la which was nearly as potent as the lead 
compound 1£ (Ki = 13 nf^) 




l_5Rl=NH2.R2=p-COGIu 
l£Rl=CH3,R2=p>COGIu 
l-ZRi=CH3. R2 = H 

J-SRl=CH3, R2= /7>CF3 

llRl-CHs, R2=p^SC^Ph 
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evolved from the use of the program GRID (8) to predict the interaction energies between various 
unctional group probes and enzyme atoms in the vicinity ol the pteridine binding site Based on 
this analysis and on an examination of the TS structure, compound 2Sl was modeled and 
synthesized (Ki = 3 ^M). The key predictions leading to 2Q were a hydrophobic pocket that could 
h^d^n'llITn ^nH^ naphthalene a well-ordered water molecule in the crystal structure that could 
^,omw^k H u c^^o^y Qfoup at position i, and the carboxylate side chain of Aspl69 {hat 
t^^ ^JIh *° ^ '^^^^^ interactions could be made by bridging 

the 1- and 8- positions with a r'actam. Crystallographic analysis of a complex of 20. bound to TS 



revealed strategies for design improvements, and further iterative cycles of modelinq svnthesis X- 
ray cnrstallographic and computational energy analysis led to the design and synthesis of 21 wrth a 
Ki of 31 nM for human TS. — 




HN" 



NH 



2J2 R = C2H5. X = S02-N NH2-cr,Y= 1 2^ X=HY= SOo-N 

\ — / y 

21 R = CH3.X = S02Ph.Y= 23 X = NH 2. Y= SOg-N 

4K ""J^ second Class of lead compound featured an imidazole moiety based on a detailed analysis of 
the hydrogen-bonding requirements of residues buried deep within the active site region 
Hydrophobic and previous design considerations led to the elaboration of the substituted 
tetrahydroquinoline 2£ (Ki = 7.7 ^M). Crystallographic analysis indicated that 22 bound essentially 
frf/ * L^^- ^®32'^'''^y additional hydrogen bonding to a protein backbone carbonyl oxygen 
indicated the addition of an amino group at the 2-posi1ion of the imidazole ring that led to a 1 20-fold 
enhancement in potency (21; Ki = 64 nM). The 2-amino groups of 21 and of the classical 
quinazoline series, exemplified by 15. occupied nearly identical positions in their respective 
complexes, and led to substantial binding improvements in both cases. Further cycles of iterative 
des,gn based on 21 and £1 have led to more potent Inhibitors for both classes of TS Inhibitors 
(42,43). 

A second recent example of iterative design (36) concerns the enzyme purine nucleoside 
phosphorylase (PNP) which participates in the purine salvage pathway and catalyzes the reversible 
phosphorolysis of purine ribo- or 2'-deoxyrjbonucleosides to the purine and ribose- or 2'- 
deoxyribose-a-1 -phosphate. Inhibitors of PNP tend to exhibit T-cell toxicity and may have 
therapeutic potential in T-cell-mediated autoimmune disorders, T-cell leukemias and lymphomas 
and organ transplantation. In addition, since PNP rapidly metabolizes purine nucleosides inhibitors 
OT this enzyrne may be beneficial when co-administered with chemotherapeutic purine riucleoside 
arialogs, such as the anti-AIDS drug. ddl. Human PNP is specific for 6-oxypurine compounds and is 
a tnmer of identical subunits (total molecular mass = 97 kDa). Analysis of the structural differences 
peiween the apoenzyme and a complex with guanine revealed the existence of a "swinqinq gate- 
that moves up to several A during substrate or inhibitor binding. This gate is formed by leveral 
ammo acid residues of PNP and its complex motion could not have been predicted from the 
apoenzyme stnjcture alone. Hence, the most fruitful modeling attempts were done with reference 
to the structure of the bound form of PNP, again emphasizing the importance for drug design 
studies of having the atomic coordinates lor the receptor complex, and not just for the native 
receptor target. In the PNP example, X-ray structures were determined for complexes with a number 
of previously synthesized PNP inhibitors with micromolar Ki's. including 8-aminoguanine 9-benzy|. 
8-ammoguanme. 5*-iodo-9-deazainosine, acyclovir diphosphate, and 8-amino-9.(2. 
hienylrnethyl)guanine (36). The X-ray studies revealed several key features of inhibitor-enzyme 
interactions: 1) 8-amino substrtuents enhanced binding of guanine analogs by forming hydrogen 
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PNP inhibitors. This was also true for the TS inhibitor iterative design example. In cases where 
soaking is not feasible, it is essential that co-crystallization conditions are found that permit the rapid 
growth (within one or two weeks) of high quality protein/inhibitor complex crystals. 

1 imitations and Future ORvftlopments - Of the essential steps required in a crystallographic 
structure determination - crystallization, X-ray diffraction data collection, data processing and 
reduction, phase determination, electron density map interpretation, and structure refinement - the 
serendipitous process of protein crystallization remains the major limitation in protein 
crystallography. Recent developments in crystallization robotics have improved the situation 
somewhat by enabling the use of large scale screening formats (44). Experience has shown that 
the more pure the protein is, the better are the chances of obtaining high quality crystals. The 
anrounts of protein needed for a complete structure determination study vary from less than a mg to 
100's of mg. The actual quantity required for a particular protein depends to a large extent on how 
rapidly one can identify reproducible conditions for crystal growth. Using microcrystallization 
techniques (44,45), a mg of protein can provide for numerous crystallization trials depending upon 
the desired protein concentration. For iterative crystallization studies, the required amount per 
structure drops dramatically owing to the fact that screening is no longer necessary, and in many 
cases Individual crystals can be soaked with inhibitor. For de novo design. lead compounds should 
be designed to have aqueous solubilities high enough to allow for stoichiometric binding to the 
high protein concentrations (up to 1 mM) required for crystallization. 

Phase determination tor the indexed intensities, the second major hurdle in a structure 
determination, is done using one of several methods: molecular replacement, isomorphous (heavy 
atom) replacement, and anomalous dispersion. Isomorphous replacement requires measurements 
from one or more heavy atom-derivatized crystals and, thus, usually requires more material. The use 
of molecular replacement for phasing is restricted to proteins whose overall fold is suspected to be 
homologous to a protein of known structure. Recent advances in the direct phasing of native crystal 
structure amplitudes using multiple wavelength anomalous dispersion (MAD) has made it generally 
possible, in principle, to determine protein crystal structures without the need to resort to heavy 
atom substitution (46). This method avoids the unpredictability of derivatization and the lack of 
isomorphism that accompanies heavy atom replacement techniques. MAD uses the signal due to 
anomalous scatterers. like the sulfur atom of Cys or Met, that may be intrinsic to the protein, or that 
may be engineered into the protein by substituting selenomethionine for methionine, for example. 
The combination of powerlul. tunable X-ray synchrotron light sources with recombinant 
technologies for producing anomalously-edited proteins promises an expansion of the use of MAD 
and accelerated phase determination for this cmcial step in protein crystal structure determination. 

The recent development of sensitive, high speed area detectors for rapid X-ray data collection 
and advances in affordable high speed computer graphics workstations are reducing the 
turnaround time for iterative structure determinations of drug/protein complexes to a few weeks or 
less. The point has been reached where stmcture analysis is becoming a rate-limiting step in the 
dmg design cycle; i.e., - structures are being solved more rapidly than one can perhaps effectively 
utilize them. The major challenge that lies ahead is clearly computational - to improve drug binding 
predictions both qualitatively as well as quantitatively in the search for more potent and effective 
cures for disease. 

NMR IN DRUG DESIGN 

Besides X-ray crystallography, nuclear magnetic resonance is the only other experimental 
technique that can provide structural details at atomic resolution. Since high quality crystals which 
may be difficult to obtain are not required, data collection may begin at an early stage in the staicture 
determination. In addition, unlike with X-ray crystallography. NMR can continuously provide useful 
staictural information on the way to determining the complete three-dimensional structure. These 
features and the fact that the NMR studies are conducted under different experimental conditions 
(in solution vs. in the crystalline state) suggest that NMR could also be a useful tool for designing 
new pharmaceutical agents (47,48). Indeed, isotope-aided NMR experiments have recently been 
developed for determining the conformation of a drug molecule when bound to its macromolecular 
receptor and for identifying those portions of the ligand that interact with the target site (49-54). 
This information could help distinguish between those functional groups of the ligand that are 
important for binding to the receptor from those that could be modified without affecting binding 
affinity and could be used to design active analogs with better physical properties. This information 
could also prove useful for designing analogs with different molecular frameworks that would 
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NMR techniques (55-62). In early 
versions of these experiments (55) a 
heteronuclear shift correlation and a 
homonuclear 2D NMR experiment (e.g 
COSY, NOESY) were combined in such a 
way that homonuclear 2D NMR spectra 
are edited by the heteronuclear chemical 
Shifts. Thus, for large isotopically labeled 
molecules, proton NMR spectra can be 
resolved into many subspectra and 
rendered interpretable. A further 
mcrease in resolution can be achieved in 
a 40 NMR experiment by using another 
neteronuclear frequency (60-62). 

Figure 6 illustrates the utility of 13c- 
resolved 3D and 4D NOE experiments. In 
a 2D NOE experiment, NOEs between 
overlapping protons Ha/Hb and Hc/Hd 
cannot be unambiguously identified. By 
editing in fi using the ^^C chemical shifts 
in a 3D NOE experiment, the NOEs can 
be resolved in different planes For 
example, NOEs involving Ha can be 
distinguished from those involving Hb by 
their appearance on different planes 
corresponding to the different 
frequencies of their attached carbons (Ca 
Cb). However, the NOE crosspeaks in f2 
are only defined by their proton 
frequencies. Thus, the NOE between Ha 
and He or Hd appearing on plane Ca 
cannot be uniquely defined. By further 
editing of the proton signals in f2 in a 4D 
NOE experiment, the NOE between Ha 
and He is unambiguously identified, since 
rt appears on plane Cc and not Cd 




Ha.Hb Hc.Hd 
f2 



Figure 6. Schematic illustration of 2D, 3D. and 4D NOE 
spectra of protons with NOEs Ha/Hc. Hb/Hd, and Hc/Hd 
From (48), with permission from J. Med Chem 
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In addition to 3D and 4D NOE experiments, several important multi-dimensional NMR 
experiments have recently been developed to identify through-bond correlations (56-60). These 
experiments are extremely useful for making the "^H, ''^c, and ''^N assignments of the protein 
backbone (60). They do not rely on NOEs which can be dHficuIt to interpret, but utilize through- 
bond connectivities via heteronuclear couplings. In order to assign the amino acid side chains, new 
experiments have been developed in which through-bond connectivities are established through 
large one-bond ^H-^C and I3c-I3c couplings (56-59). instead of the conventional manner by 
correlating the protons via small, conformational dependent '•h-'^H three-bond couplings. 

isotope Labeling Techniques - In order to obtain the sensitivity required to apply many of the 
heteronuclear multi-dimensional NIMR experiments, proteins must be Isotopically labeled. Perhaps 
the most useful are the uniformly ""^N- and ""^C-labeled proteins. Most of the assignments and 
structural constraints can be obtained using double-labeled proteins. Bacterially expressed 
proteins can be uniformly ^^H- and '•^C-labeled using ''Sc-zl^N-labeled media prepared from algal 
or bacterial extracts (68). Alternatively, proteins can be uniformly ^^c- or "^^N-jabeled by growing 
bacteria in minimal media containing [U-''3C]glucose (or [U-''3c]acetate) (69) or ""SN.iabeled 
ammonium chloride as the sole carbon or nitrogen source, respectively. Proteins can be selectrvely 
labeled by growing bacteria in chemically defined media containing the isotopically-labeled amino 
acid(s). These proteins can be used in NMR studies to unambiguously assign resonances by amino 
acid type using isotope-editing techniques (63). Other types of labeling have also been shown to 
be of value in NMR studies of proteins. Deuterated proteins have been used to simplify spectra 
(70), produce narrower '•h NMR signals (64), and make stereospecific assignments (71). Non- 
randomly ^c-iabeled proteins have been employed to stereospecificaily assign valine and leucine 
methyl groups (65). 

Conformation and active site environment of bound lioands - A variety of approaches have emerged 
for studying large molecular complexes by NMR (48.72). One of the best approaches for studying 
receptor-bound ligands involves the use of isotope-editing techniques in which the proton signals 
of an isotopically labeled ligand are selectively obsen/ed in the presence of the many signals of its 
target site (49-54). Using this approach both the conformation of a bound ligand and those portions 
of the ligand that bind to the target site can be determined- These experiments can be conducted 
using two-dimensional isotope-edited NMR methods (49-52). Alternatively, forfuther simplifying 
the spectra in cases when the proton NMR signals of the ligand overlap, heteronuclear three- 
dimensional NMR experiments may be employed in which the remaining proton NMR signals of the 
ligand are edited in a third dimension by their ""Sc or frequencies (53,54). The advantages of 
these techniques is that important structural information for designing new analogs can be obtained 
on new drug/receptor complexes in as little as 2-3 weeks. Furthermore, the receptor protein does 
not have to be very pure, since the isotopically-labeled ligand binds selectively to the protein of 
interest and only the signals of the ligand and the nearby protein are detected. 

An example of the type of structural 
information that can be obtained by NMR on an 
isotopicaiiy-Iabeled drug molecule bound to its 
receptor is illustrated by NMR studies on the 
cyclosporin A/cyclophilln complex. Cyclosporin 
A (GsA), 2S, a clinically useful immunosup- 
pressant, exerts its activity through its interaction 
with cyclophilin (CyP), a 17,8 kD protein (165 
residues) (73,74). In order to aid in the design of 
more potent and potentially less toxic CsA 
analogs, NMR studies of the CsA/CyP complex 
were initiated to determine the bound 
conformation of CsA and to identify those 
portions of CsA that bind to CyP. From an 
analysis of a ''^C-resolved 3D NOE spectrum of 
[U-'^^C] CsA bound to CyP, three-dimensional 

structures of CsA (Fig. 7) were calculated using a distance geometry/dynamical simulated annealing 
protocol in which proton-proton distances calculated from the 3D NOE data were included as 
constraints (53). As shown in Figure 8, the conformation of CsA when bound to cyclophilin as 
determined by NMR was found (51-53) to be very different from the conformation of uncomplexed 
CsA determined by X-ray crystallography and NMR spectroscopy (75). 





N- 



13. 



nil 





282 



m. 



Section VI-Topics in Drug Design and Discovery venuti. Ed 

J ' 




j 



Figure 7. Superposition of the 20 
CsA structures with the lowest 
NOE energy contribution out of 95 
converged structures. From (53), 
with permission from' 
Biochemistry. 



Figure 8. Stereoview of CsA (restrained energy minimized averano 
structure generated from 95 individual sK e^lound^^^ 
cycloph.hn (black) superimposed on the X-ray c^^^^ o° 
^53^ iSt7^ ^^^^ determined in the absence of Jycloph |^^^ 
(53). with pemiission from Biochemistry. 
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In addition to the conformation of CsA 
when bound to cyclophilin, the NMR 
studies also revealed those portions of 
S A i^l* 'nteract with cyclophilin from 
CsA/CyP NOES (53.76). As shown in 
Mgure 9. the protons attached to the filled 
and checkered cartx)n atoms were found 
to be in close proximity to cyclophilin as 
evidenced by NOEs between these CsA 
protons and the protein. These data 
suggest that CsA residues 1, 2, 9 io 
and 11 are involved In binding to 
cyclophilin and are consistent with the 
stnjcture/activity relationships (77 78) that 
indicate the importance of these CsA 
residues for cyclophilin binding and 
immunosuppressant activity. Those por- 
ions of CsA that bind to CyP and those 
tnat are exposed to solvent were also 
distinguished by measuring the proton Ti 
values of I3cwabeled CsA in the pre- 
sence and absence of a paramagnetic 
relaxation reagent, 4-hydroxy-2 2 6 6- 
tetramethyIpiperidinyl-1-oxy (HyTEMp'o) 
(79). Large effects of the spin label were 
observed for the protons attached to the 
jagged and checkered filled carbon atoms 
(Fig. 9), indicating that CsA residues 4 6 

CsA^naTS^hifhS^^^^ s.n.cure/ac,.i,y relationships of 

these sites (77,78). ^ *° ^® relatively insensitive to modifications at 

havrSSlS '^'^^S^!^S;^^^^^^^ ACCi,iona, cyc.ophilins 

these, cyclophilin B (CyPB) contains a hvdrnnhnh^ k .? • ^® response. One of 

identical to CyPA (80) From he s S ^H^n^ 13? . T ^'^"^"'^^ ^"^ 64% 

bound to CyPB at^d CyPA » wis ScLd^ ih» .^/''^T"^' ^^'"^ ^'^^ ^^ta of lU-13c]CsA 
CSA in the Lo complexes are SarSnS^ o confonT,at.on and active site environment of 
complexes are nearly identical, except rn the vicinity of the H4eVa|l1 CsA residue 




Three-dimansional. structure of CsA bound to 
eye oph,l,n. CsAfcyclophilin NOEs were observed from CsA 
protons attached to the filled and checkered carbon atoms 
^ L 'o the jagged and checkered 

carbon atoms exhibited the largest change in r^axation r«e 
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(81) This approach was extremely useful for identifying subtle staictural differences betvveen two 
drug/receptor complexes in only a few days and could prove useful for df signing analogs thai 
selectively to only one of the proteins. For example on the bas.s ^^^^e NMR stud^^^^^^^ the 
CsA/CyPB complex, selectivity might be achieved with a CsA analog nrwdilied at the 11 -position. 

M.rrnmniPnnl.r St rnrtnr^ DPiPrmin^^lion - The genera! approach for determirting complete three- 
dimensional structures by NMR involves the following steps: I) assigning the Nf^R signals, ii) 
obtaining ^H-Ih distance constraints from NOE data, ili) obtaining dihedral a"9le co^^tra.^^^^^^ 
coupling constants, and iv) calculating structures using distance geometr7 and re^^^^^^ 
dynamics (67.82). Steps (i) and (ii) are greatly facilitated using 3D and 4D NM^^^^f P^^^^^^^^^ 
only do these experiments resolve the data, thereby simplifying the analysis, but they also allow 
assignments of the and ^^C chemical shifts. In addition to these experiments, new methods 
have also been devised (83-86) for measuring Ih-^H. ^H-^^N, and ^H-^^C three-bond J-couplings 
from 2D and 3D NI^R spectra. From these J-values. the stereospecific assignments of cp 
methylene protons can be determined and dihedral angle constraints can be obtained which 
improve the quality of the calculated structures (87,88); 

A 

Currently, the largest pro- 
tein structure determined 
by NMR is interleukin-1p (IL- 
1P) (66). Conventional 2D 
NMR methods were largely 
unsuccessful for determin- 
ing the structure of this 153 
residue protein due to its 
relatively large size. How- 
ever, a variety of hetero- 
nuclear double- and triple- 
resonance 3D NMR experi- 
ments resulted in the 
assignment of a complete 
set of ""h, ''^c, and ^^N 
resonances, the determin- 
ation of the secondary 
structure, the location of 
bound water molecules, 
and the investigation of 
backbone dynamics (66 and 
references therein). Initial 
low-resolution structures of 
IL-ip were obtained using 
only 446 NOEs obtained 
from "JSN-resolved 3D NOE 
experiments. The accuracy 
and precision of these 
structures was dramatically 
improved using a much 
larger number of distance constraints derived from heteronuclear 4D NOE expenrrients ) . J^e 
final stojcture calculations were done using 2780 distances and 366 torsion angles for a total of 
3 146 experimental constraints. With this many constraints, the 3D structure of IL-1 P was wel^ 
defined (Fig. 10). The atomic rms distribution about the average coordinate positions ^ 
calculated structures was 0.41 +/- 0.04 A for the backbone atoms and 0.82 0.04 A for all alonas 
except those belonging to residues 1. 152, and 153. From the high resolution strijcture of !L-ip 
determined bv NMR the biological activity and receptor binding displayed by chemically mod'fied 
and mutant pS could be interpreted. Three distinct binding sites for the lL-1 receptor involving 
surface residues of IL-ip were postulated (66). 

I imit^iinn. P^nd future developments - Currently. NMR can be practically applied to the study of 

macromoieoiles with modular weights less than about 40 kOa^ "^f ^ 'f ;Jt^'^^^^^^ 

broad NMR signals for molecules of this size and the corresponding loss in signal intensity observea 





Figure 10. Stereoviews showing the best fit superposition of the (A) 
backbone atoms of IL-ip and (B) all heavy atoms of a selected region of 
IL-1 p. Adapted from (66), with permission from Biochemistry. 
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3n H .^'^"cture of a protein larger than 100 residues. This requires that fhl 

pro ein can be expressed in active form at relatively high levels (1 mq/ml) In a bSal P^nrpi «n 
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^.InT' ?" °' ?i "F!,"'' ^"'^ '° '^^"'"y 'P°^'ons of the ligand that imerad wfth the recS 
nlZnl^ 'N^,Ma"^f ^K^*^ "9^"'^" ''^ ^'"'^'^d when bound to labeled prSSns using fece^^^^^ 
developed NMR techniques (89) with the goal of determining the bound structure of the ifoanS 
environment. The next step would involve the complete threTcBmensK 

Snsl^nal NMR e^ti^nff PA°' '^"'^'^ '^^^'^^ receptor prateKnS r?uit? 

cf^^?f»r , T '®'^^""^'Jes. Once an inilial structure is determined, additional three-dimensbnai 

Sof^n^L'^nlC^S 
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designing analogs with a precision required for light binding to the receptor may be Sved bv 
more accurately interpreting the NOE data and by obtaining more constraints Three dTensioni^ 
H^lZ^^'^^L^-^ ^^P'^'y "Sing new heteronuclear mutti JimlnSi NMR 

TrS^lTZ^^ 'i^P™^^'^ '"o's- ^^'^"Cing the time required both for signaS 

and extractron of the relevant stmctural parameters used in calculating the sl^ruS ^^"3"™"' 

COMPARI.'^nN OF y-RAV CRYSTAI I nP.RAPHY AND MMq 

NMR gpiminn and X-Rfly Crysf^l Str ycturps' . S i mi l a r it i e s .nd niffprpnr.c . Comparisons of protein 
rS?,n "^'"9 both NMR and X-ray crystallography have shown thaf he solution S 

crystal structures of a protein are in general agreement overall rao-q?» Thirfc nr,. i fr,, ■ 
, protein ciystals are highly hydrated ?27-65% S conS S an be eated as^XT^^ 

Well-determined NMR and X-ray crJstTstruclurr'usuanv do 
not deviate by more than about 1 A rms for backbone atoms (90-92) The Se of sS.ri^ 
correspondence between X-ray and NMR structures is greatest fo ' resfduesTn wLf oTdirP^^^ 
secondary structural elements and in the interior, or core, of a p o e n and fs iJasrfor si^^^^^ 

w K M^°""^ ^ "^^^''"^ ^^^'3' °f 'he same protein r^ay deviate by o 4-0 5 A 

rms for backbone atoms. These differences, which are also most pronounced at the protean surface 

eSereWrror"''' '° ^"^^^ °' ^-^'"9 arL'n?emeK[fas welf as 

ct^^lSloH K^^fh^'l?'! ^ three-dimensional network of protein-protein interactions 

stabilized by the high protein concentrations (typically on the order of 10 mM) w itto c^sta «ne 
strur?nrp^"if.Jr''',rr order-disorder transitions forTcL^S regbns S I 
structure stat^ilize flexible side chains or polypeptide segments that may assume various 
fn°=T"°"?, ^ influence quaternary s^mcture Thus cr^sTai Dack°na 

Snn 7n'^""f"^! Im^'"' °' ' P^°*^'" *° ^""'"e a conformation not ordinarily found Pn dSe 
solution. In contrast, NMR structures are unbiased by crystal packing forces and can oive a mo p 
accurate picture of the relative mobilities of side chains located at rSeinTsudSe Mo eove^ 
extent of crystal packing influences on protein structures can be revealed ^ NMR studies These 
etmPrtf F"'n^^ '° s''^^ <='^ains. or may extend over secSnS struSl 

thP N r .n the crystal structure of C3a (93). a 77 residue complemeSertofh 

the N- and C-terminal regions make intemiolecular crystal contaas. The crVst™stmdure of the 
protein contains a long C-terminal helix and a disordered N-terminus NMR s ud^s ?f C3a 

SrSbtSlS^^^^^^^^ 

the' xTav'fg'^a?' anL^Mn'ro?;"^,' ^^f"'"^ "I"^' °" s"bunit-subunit interactions, comparison of 
ne X ray (92) and NMR (95) structures of interleukin-8 (IL-8) revealed that this dimprir 
immunoregulatory protein can undergo a rearrangement ol quLrnU Sure thL Snffo^Ihe 

additSn thf " '°,T'h ' T ^'P'^^'"" °' ^2-«'a<ed a-helices from irKlividual 1^0^ ; "n 
addition, the crystal and solution structures exhibited strikingly different hydrogen-bondinJSrr^s 
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for His33 which accepts a hydrogen bond from a backbone amide of Gln8 in the solution structure. 
butSeTa hySen bond to the backbone carbonyl of Glu29 in the crystal structure. 

The conformation ol a small molecule ligand when bound to its receptor in solution may differ 
dramatfc^y f?o^^^^ conformation exhibited in the uncomplexed form either m solution o .r^ m^ 
rSine state Thus small molecule X-ray crystal or NMR structures must be regarded cautiously, 
I'^XesuS^^^^^^^ that these strJctuTes are representative of ^^fbioact.ve^^^^^^^^ 
AS an illustration of this point. NMR solution studies demonstrated that the c^^^^^^^ 
when complexed to CyP differed substantially from the crystal ^^^^^^^J^^^^^^.^.f 
rav crvstalloaraphic studies of the structure of the immunosuppressant. FK-506. ^ornpiexea wnn iis 
eS^K^ protein (FKBP). indicated that FK-506 exhibited <:i^ama .call y different 

Smatio^^^^^^^^^ ^und'and free crystalline states (96). '^^'^ ^^^'^^^^^^^ 
studies on the solution structure of an FK-506 analogue ascomyc.n corruDl^^^^^^^^ found to be 
The solution structure of FK>506 in chloroform was also determined by NMR (97) and found to be 
conformationally dissimilar to both the uncomplexed and bound crystal terms. 

Y.R^v nrvc;i;.nonrarhy pnri NMR as C f^mpipmpntprv Technicues - Structural information obtained by 
X-ray cS s^oidu re determination of the same or of a homologous sys em 

bv KsS^ wee versa. For example, once the structure of a receptor is known from 

5'r?y s?udK S can be used to aid the interpretation of NOE ^f^^^'^^^^^^^ 

^t^eled nSre^^^^ and thereby facilitate the structural analysis of hgand/receptor 

IntetSKS 

of a renin inhibitor complexed with pepsin 49 . Knowledge of the crystal structure ot a reiaieo 
fnhfbiSe"^^^^ in assign^g enzyme-ligand cross P^^^^' 

the docked inhibitor This strategy is particularly important for cases where crystals of he relevant 
^omSx d^^^ in a mor'/rec'ent example (98). the NMR solution structure of he bound 

conformation of CsA (52) was docked with the X-ray ^^^^tai strudure^o^^^^^^^^^ 
romniex w/as refined by molecular dynamics using the crystal structure ot OyK ana ine 
Solecufar NOEs as constraints. Comparison of the resultant model structure with a crystal 
Lururfot a teS^^^^ complex pro'vided experimental evidence to support the ypothesis 

that the MeBmtl carbinol group of CsA mimics the transition state or intermediate structure in the 
PPIase reaction (100). 

NMR can also provide valuable information for the X-ray crystal lographic st^udure determM^^^^ 
of nro^eins The secondary structure of a protein In solution can be accurate y and quick y 
dLtEed by^MR^^^^^^ used to help'fit a polypeptide ^^^^^^^^^^^^^^^^^ 

map NMR strudural data were used in this manner to assist in the ^'^^ "^J^^. !^^^^^ 
Sretations for the recent three-dimensional X-ray crystal strudure determinations of CyP 0^^^^^ 
an^fhe F^^^^^^^^^ complex (96). In addition, three-dimensional protein stmctures determined 
by NMR could^^ as starting models for molecular replacement phasing. This wa^^ 
test experiments using the known crystal strudures of crambin (102) and \endam stat 003)^ 
ReLmiy the NMR solution strudure of lL-8 was used in a nx^lecular replacement study to solve the 
SI' crystal strudure of IL-8 at 1.8 A resolution (92). Previous ^^f^^^^^^^ 
^^^^tructure of a dosely related protein, platelet fador 4. gave ,f 
attempts to prepare suitable heavy atom derivatives were unsuccessful. ^^^^ 
NMR structure ot lL-8 was critical to the successful crystal strudure ^eterm^nati^ 
UTimunoregulatory fador. This experience clearly demonstrates the high degree of structu^^^^ 
Sacv th^^^ is capable ot providing, and rt is expected that there will be a growing demand for 
NMR-derived strudures to assist in X-ray crystallographic studies. 

pi miRF PRQCiPFCTS 

The promise of using three dimensional atomic structures of receptors to aid medidnal chemists 
in t^ei dmg design efforts is coming of age. Concomitant advances m nu^^^^^^^ 
converging to make the interdisciplinary approach of ^trudu re-based drug de^^^^^ 
ever-growing number of important targets. As a recent example, /'^f JP'^^"^^^^^^ 
the n^)st intensive search for an antiviral agent ever witnessed '"sprte of the remark^ 
viral disease has ever been completely cured or controlled chemotherapy 
our approach to antivirals that is behind this effort is largely due 

strategies to anti-HlV drug design that have become possible ow.^ loerMfv-^RNase H^^^^^^ 
advances In the oast four years, the structures of HIV-1 protease (104-106), Hiv-l HNase " W"'' 
S the HIV gp^^^^^^^^^ of the CD4 receptor {109.109} have been detemi.ned using X- 
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ray crystailographic methods, and the solution structure of the HIV-1 p7 nucleocapsid protein has 
been detennined by NMR (110). This short litany of HIV-related structural studies illustrates the 
power that modem molecular and structural biology approaches can bring to drug discovery 
programs in almost any area. - 

Although stojctural protein or enzymes are primary targets for dmg design, protein/nucleic acid 
complexes and hormone/receptor complexes comprise two other classes of therapeutically 
important targets. No structures of medically relevant protein/nucleic acid complexes have been 
reported thus far, but the growing number of structures of regulatory proteins complexed with 
oligodeoxyribo nucleotides (111) indicates that they are certainly feasible targets for staicture-based 
design. Recently, the crystal stnjcture of human growth hormone (hGH) complexed to the 
recombinant soluble extracellular domain of its receptor was determined by X-ray crystallography 
(112). Besides providing a detailed picture of the interactions between the polypeptide ligand and 
Its receptor, this structure provides new insights into the structural basis of signal transduction which 
may be mediated through hormone -induced dimerization of receptor molecules. This study was 
possible owing to the soluble nature of the hormone-binding domain of the hGH receptor. Many 
receptors are relatively insoluble, integral membrane-bound proteins whose structure elucidation by 
either X-ray crystallography or NMR is much more difficult owing to the technical problems of 
achieving large, well-ordered three dimensional crystals and the broad linewidths of the NMR signals 
expected for these molecules In solution. However, if these obstacles can be surmounted, the 
structure determination of this important and abundant class of targets would become accessible. 
Advances in crystallization of membrane proteins (113) has led to the X-ray structure determination 
of a bacterial photosynthetic reaction center (114) and a trimeric pore-forming protein, porin, from a 
bacterial outer membrane (115). Two dimensional crystals, or well-ordered sheets, of membrane 
proteins are often easier to obtain than three-dimensional crystals. In these cases, high resolution 
electron microscopy can provide valuable structural information. Recently, this technique was 
employed to determine the 3.0 A structure of bacteriorhodopsin from a purple membrane (116). 
High resolution electron microscopy promises to become a more widely used method particularly 
for determining structural data on well-ordered aggregates of membrane proteins and other 
macro nrolecular assemblies. 

The limits of the structure-based drug design approach* have not yet been realized, and many of 
the difficulties in successfully applying this method are largely theoretical. Major conceptual 
challenges lie ahead in the areas of structure and binding affinity prediction. While methods are 
being developed in these areas, experimental structure determination efforts using X-ray 
crystallography and NMR will continue to provide critical information that can be used to design more 
effective drugs. The ultimate success of the structure-based drug design approach will depend, in 
any case, on the wisdom of target selection and on the ability to marry together teams of scientists 
that contain the requisite scientific and collaborative skills. 
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